By way of comparison, it is instructive to recall that in classical hydrodynamics, it is usual to consider vertical regions embedded in an otherwise irrotational flow. In the case of the ring, a cross section [ Fig. 1 (a) ] is like the "potential vortex" [Fig. 1 (b) ] : the flow outside a cylinder which rotates rigidly. This is the Taylor problem (flow between two concentric cylinders with the inner one rotating and the outer one fixed) with the outer cylinder moved to infinity. The streamfunction #of the flow, with (A, -+4x ) for the velocity in the x-y plane, and r = (x2 + y*) "2, is then $ = c In r. Thus, A$ = 0 and the flow is irrotational. The potential vortex satisfies the no-slip boundary condition at the cylindrical boundary, and it is one of only a few potential flow solutions of the Navier-Stokes equations.
Vortex rings can be generated in a number of ways. One way is to impulsively eject a puff of fluid from a circular opening into a bath of the same fluid, as in the smoke ring. ' Another is to let a drop of liquid fall into a pool of the same liquid.2 A third method is to force a buoyant fluid into a tank of water (see Sec. 6.3.2 of Ref. 3) .4 These experiments do not involve immiscible liquids. Rings are more easily created in miscible rather than immiscible liquids. Thomson and Newall' did an interesting study of ring formation and their stability in miscible and immiscible liquids. They stated the following:
"It is not every liquid, however, which, when dropped into water, gives rise to rings, for if we drop into water any liquid which does not mix with it, such as chloroform, the drop in consequence of the surface tension remains spherical as it descends. In fact, we may say that, with some few exceptions to be noticed later, rings are formed only when a liquid is dropped into one with which it can mix. This is important, because surface tension has been supposed to play an important part in the formation of these rings; it is difficult, however, to see how any appreciable surface tension can exist between liquids that can mix, and as far as our experiments go they tend to show that it is only the absence of surface tension which is necessary for their production." On the whole, it is not surprising that a phenomenon which occurs at zero interfacial tension also occurs at small values of interfacial tension. And small here means with respect to viscous effects, so that the actual numerical value of the coefficient of interfacial tension does not have to be small. The processes are similar whether miscible or immiscible liquids are involved, up to the ring stage. However, interfacial tension does affect the breakup pattern: for example,6 it can prevent the smaller-sized drops from repeating the sequence of ring formation and breakup; this limits the vortex cascade (see Figs. 1 and 2 of Ref. 5 for a description of this cascade for the case of an ink drop in water) to one or two stages. Membrane rupture is another form of breakup. The rupture strength or breaking strength of membranes is not well understood but it may be related to surface tension. We know that the rupture strength generally decreases with surface tension. When the surface tension parameter is small but the surface tension is large, a vortex ring spanned by a tough permanent membrane can form. In other cases in which interfacial tension has been reduced by surfactants, the membrane is blown out and an unstable vortex ring of the type shown in our photographs forms. The difference between strong and weak interfacial tension is illustrated in Figs. 2 and 3. In Fig. 2 , a smaller drop of 1000 cS silicone oil is sucked into the wake of an oblate ringlike cap of the same silicone oil falling in a contaminated soybean oil. The membrane in this system is too tough to break. On the other hand, if a surfactant (97% dye, 3% Rhodamine B base powder, Aldrich Chemical Co., Milwaukee, WI) is added (as in Fig.  3 ), the membrane breaks readily. 
II. THE NORMAL STRESS BALANCE
It is probable that the.parameters which control the deformations of drops to rings in free fall are associated with the stress balance at the interface:
where His the mean curvature at a point on the interface Z and D [ u] is the rate of strain. This equation may be decomposed into normal and tangential parts.
We denote I[*n = (.>d -(*),, to be the jump in the quantity -across the interface, where the subscript d stands for drop and o stands for the outer fluid. In the equilibrium case (that is, no flow), the drop or bubble pulls into a sphere with radius R r = R2 = a and equilibrium pressures satisfying l[pq =p; -pz = W*/a. By using the condition that the velocity is continuous at the interface and the continuity equation, the reader may verify that m"n = 09
( 1) where we denote
The next step in the reduction of the normal component of the stress balance on the interface B is the decomposition of the pressure into an equilibrium partp', a hydrostatic part ps = pgz, with p" = pdg.z in the drop, and a dynamic part Il due to the motion. We use a coordinate system where the origin is the center of the spherical drop, and we denote the parametrization for the surface of the drop by z = z, (x,y) . Thus, bq = b]gz,, and
FIG. Z~~ailure of coke-through of captured drop of 1000 CS silicone oil in an indented oblate drop of the same silicone oil falling through contaminated safflower oil. (a) The captured drop is sucked strongly into the wake behind the oblate drop. There is a tail drawn out of the captured drop by the motion of safflower oil in the wake which is reminiscent of the tail behind drops in miscible liquids (cf. Fig. 11 ). (b) The drops are sucked into strong contact. (c) The captured drop decelerates under the restraining action of the silicone oil membrane on the oblate drop which never breaks.
Combining now ( 1) and (2) with the stress balance equation at the interface, we find that --Pn+~,,M+IGOn@~+~* -+++-$) ( 1 2 = 0. The dynamic pressure is of course an unknown which must be determined from the solution.
III. DIMENSIONLESS PARAMETERS
To identify dimensionless parameters, we scale lengths with a, the radius of the equivalent spherical drop or bubble with the same volume, and velocity with U to be specified later (see next section).
The normal stress balance at the interface (see previous section) shows that there are four forces at work: gravity, surface tension, inertia, and viscosity. The viscosity ratio
where,zu, is the viscosity of the drop and,u is the viscosity of the ambient fluid, is very important. The ratio of inertia to viscous forces is measured by the Reynolds numbers R = lJa/v, R, = Us/v,,
where Y =&p, Y d =pud/,od. To form immiscible vortex rings, inertia is important because the drop will be close to a sphere if R and R, are sufficiently small. lo
The viscous part of the normal stress in the drop is scaled by U&/a and in the exterior fluid by Up/a. The interfacial tension term in the stress balance is scaled by 5' */a.
The ratio of the stress associated with inter-facial tension to the viscous part of the normal stress in the outer fluid is S*/,LLU= J/R, 
where MJd/Rd = J/R. (9) For a ring to form, the tendency for interfacial tension to keep the drop spherical should be overcome by the effect of viscosity to distort it. Thus, we expect to-see rings when J/R 4 1. In our experiments, we got ring formation only when M# 1. We did not observe rings in immiscible liquids when A4 < 5. The condition MS 1 may not be universal. Certainly, it is easier to form vortex rings in miscible liquids; for these, J/R = 0, but evidently when Mz 1 it is possible to form vortices from ink drops falling in water.
We have already mentioned that inertial effects are always important in deforming the drop away from a sphere. These effects can be measured by the Weber number, the ratio of interfacial tension to inertia. The inertial part of the dynamic pressure for the outer fluid is scaled with p U 2 and the drop withpd U2. 
Since p and pd do not differ greatly in our experiments, the Weber number is nearly the same in the outside fluid and the drop. The Weber number W, for systems that do form rings ranges between 330 and 9600 whereas the W, for systems that do not form rings ranges between 0.3 and 11000. The low Weber number drops are spherical.
IV. PHYSICAL AND OTHER PROPERTIES
The physical properties are density, viscosity, and interfacial tension. Other properties used in our discussion are the velocity U and the drop size a. First, we discuss the fluid properties. Table I lists the fluids used in the experiments. The densities were measured using a Curtin Scientific hydrometer at approximately 21 "C. The viscosities were measured using standard Cannon Fenske tube viscometers. The interfacial tension S * was measured with the spinning rod tensiometer.
Our early experiments on vortex rings were carried out in a Plexiglas box 3 in. square and 8 ft long. The top of the box is open to allow introduction of the drop and the bottom is closed by a valve. The valve holds the host fluid in and allows the removal of the dropped fluids that collect at the bottom. The Plexiglas is clear to allow good visualization and photographic recording. The apparatus is backlighted by retlecting incandescent light off of a translucent Plexiglas sheet. The most recent experiments were carried out in a tube, which differed from the previous apparatus in that it is made of glass and has a circular rather than square cross section. The tube is 4 ft long, and like the Plexiglas box, it is open at the top, and closed at the bottom with a valve.
The method for introducing the drop into the vortex ring box is as follows. A 10 cm3 drop of the more dense fluid was carefully placed on top of the host fluid with a calibrated beaker. This gives $-a3 = 10 cm3 or a = (2.39) "3 cm = 1.34 cm.
Care was taken to ensure that the drop was not splashed or accelerated into the host fluid.
A parametric study of drop size was also carried out with volumes other than 10 cm3. The results of these studies are summarized in Fig. 4 .
The velocity scale we use to calculate the Reynolds numbers is U given by (see Sec. 4.9 of Ref. 12) u=+$,,, -p)(s). (13) Using this U, R, = ua/vd depends only on measurable quantities and may be interpreted as the ratio between the buoyancy and viscous forces. The assumptions leading to ( 13) are that the fluid is a sphere falling at constant speed in Stokes flow, and that if the shear stress and velocity are matched at the interface, then the normal stress is automati; tally matched. The analysis does not say anything about what the drop would do if it were not falling at the terminal speed; for example, in the experiments, the drop starts at rest, some drops do not attain any steady speed, and moreover appear not to reach the speed predicted by this formula. It is difficult to decide apriori on a velocity scale because we do not have a formula for predicting the velocity as the drop changes shape. For each experiment, one could measure the maximum speed attained by the drop and use that as U, and this type of data is available for some of the experiments.
The velocity of the drop as it falls in the vortex ring box has been measured for some situations and found to be much smaller than the value from ( 13). Measurements of the velocity of a falling drop were made by recording the time it took for the drop to cross a 6 in. region of the box. Five such regions were selected to best capture the rate of fall at critical sections. The records were taken ten times for each region and the average velocity was calculated. Figure 5 shows the average velocity versus distance down the tube for three types of glycerin (e.g., 90% glycerin means 90% glycerin in 10% water) and silicone oil falling in soybean oil. (Rings were observed in the 100% glycerin case, but not in the other two cases, which happen to have higher velocities in the figure.) Take, for example, the data in this figure. Compared with this, the value of U from ( 13) is approximately 110 in./sec, which is about 20 times the actual average velocity. This is consistent with the notion that a spherical drop would fall faster than a flattened spheroid or a ring. The swings in the measured speed reflect the changes in the shape of the drop as it evolves into a ring and decays. We should the membrane therefore keep in mind when looking at the tables that the true Reynolds numbers are probably an order of magnitude less than those tabulated.
There are also situations where U from ( 13) turns out to be large, which is inconsistent with one of the assumptions in the derivation of ( 13); but since Stokes drag is less than the actual drag at higher Reynolds numbers, we expect that the U is an upper bound on the actual maximum velocity. Thus our tabulated values of Jd/Rd and J/R in the sequel underesp 100% glycerin L. timate the importance of surface tension, but consistently, so that they should probably be an order of magnitude larger than they are. This would imply that the switch in the behavior from ring formation to no ring is actually occurring at a value of J/R of order 1. This, in fact, is what one would expect.
It is interesting that the condition for ring formation (on M and J/R) appears to hold for the entire wide range of Reynolds numbers encountered in the experiments. Why? In the normal stress condition at the interface, the only term we have not really commented on above is the pressure term, which is multiplied by the Reynolds number R. It appears that this term does not affect the ability to give birth to a ring: indeed, the factor R appearing there can be made to disappear just by changing the way the pressure is nondimensionalized.
The formation of vortex rings always involves the breaking of a membrane, by poke-through or blowout, and the breaking strength (toughness) of a membrane is very difficult to control, especially in silicone-vegetable oil systems. Our early experiments were recently repeated with good success except for the breaking of silicon-vegetable oil mem- branes. Some experiments were carried out with a contaminated safflower oil with various additives. We could never break a membrane in a silicone-contaminated safflower oil system (Figs. 2 and 6 ). The breaking strength of a membrane may be related to interfacial tension since we could get tough membranes to break by adding certain types of surfactants to the silicone oil (trace amounts of 97% dye, 3% Rhodamine B base powder in Fig. 3 ; trace amounts of Igepal in Fig. 7) . We also had difficulty breaking membranes in a silicone-soybean oil system, even when uncontaminated fluids were used. However, the oils used in the most recent experiments were not exactly the same as those used earlier, and it is possible that the newer oils had an interfacial tension large enough to prohibit vortex ring formation. As was the ease for the contaminated-oil system, rings were formed when the above-mentioned surfactants were added to the silicone oil.
The low values of surface tension in the silicone oilvegetable oil systems may indicate the possibility of smallscale activity at the interface. This activity could affect the boundary conditions involved, but more research must be done before any definitive statements may be made.
V. DlSTORTlON OF THE SPHERICAL DROP
It is well known that a spherical drop or bubble, moving slowly, in Stokes flow can keep a spherical shape even when interfacial tension is suppressed.1213 There is numerical and experimental evidence to suggest that these solutions are stable to small disturbances i4," but not to large disturbances.
When viscous effects win over the effect of inter-facial tension, a falling drop cannot maintain a spherical shape. Numerical solutions have been obtained16 for steady streaming flow past an axisymmetric drop over a wide range of Reynolds numbers, interfacial tension, viscosity ratios, and density ratios. Their results indicate that at lower Reynolds numbers, the shape of the drop tends toward an indented oblate shape with decreasing interfacial tension, and at higher Reynolds numbers the drop becomes more disk shaped with decreasing interfacial tension.
In our experiments, the drop is released at zero speed and undergoes accelerations and decelerations, so that the results mentioned above concerning steady motions cannot strictly be used to infer anything about what our drop is doing. Moreover, as mentioned in the previous section, measurements of the drop speed indicate that it often does not reach the steady speed predicted by the formula ( 13 ) . However, there are similarities with these analyses and what we have seen. Figure 8 shows an indented oblate drop like those computed in Ref. 15 at low Reynolds numbers (see, for example, their Fig. 3 ). Experimental observations suggest that the streamline pattern on the concave side of the cap is probably like that of Fig. 9 ; there are no points of separation or vortices in this guess about the underlying fluid dynamics. The suction in the cap, call it a wake, is large and small drops and even large drops are easily captured by the indented drop, as shown in Figs. 2(a) , 10, 11, and 12(a). Ifthe conditions are right, the drop in the wake will poke through the membrane spanning the indentation, as in Figs. 3 and 12 , but if the membrane is tough, as in Figs. 2 and 6 , the poke-through will fail.
VI. FORMATION OF RINGS
Stuke" performed experiments like those reported here. He cites the work of Northrup'* who used paraffin in a water bath, where interfacial tension is large. Northrup needed to inject the paraffin at high speed so that viscous forces would create a circulation of sufficient magnitude, as in the case of air injected into water. The larger the interfacial tension, the faster the intrusive speed necessary to create a ring. Stuke showed that rings would form at slower speeds when water was replaced with amyl alcohol, with a consequent lowering of interfacial tension. The slower speeds allowed these processes to be recorded in photographs which can be compared with the photographs of this paper. Initially, there is a membrane across the hole of the ring (cf. Figs. 6 and 12) and then the membrane ruptures. Once formed, the ring starts to expand rapidly and the bulk of the paraffin flows into two or three bulges around the ring (cf. Figs. 3 and 7) . These heavier bulges fall faster, so that the ring bends and breaks into two or three drops [see his Fig. 5, Fig. 2(b) of Ref. 6, and our figures]. If a drop were large enough, it would form another vortex ring and the sequence repeats itself. An analogous description of the ring instability for miscible liquids at slow speed is given in Fig. 4 of Ref. 8 and in Ref. 7 .
If the conditions are right, if the drop is much more viscous than the host fluid CM% 1) and the ratio J/R of interfacial to viscous forces is not too large, then the spherical drop will evolve toward a vortex ring. The entries in Tables II-IV for drops of silicone oils in soybean oil exemplify these effects well. The viscosity of silicone oils can be varied through careful mixing without changing their density or surface tension appreciably. It was observed that when the viscosity of the drop was lower than a certain value (about 500 CS here), rings did not form. In particular, when the FIG. 11 . A streamline pattern for Fig. 2 . The flow in the wake could pull out a tail from the nested sphere if the wake were strong as in Fig. 2(b) , or the surface tension weak as in the case of miscible liquids.
drop was less viscous than the bath, even with very low interfacial tension, rings did not form, as in Fig. 13 .
Inertia alone will not cause a ring to form. Indented oblate drops like those shown in Fig. 8 are the most robust of the falling drops. If conditions are such that the viscous action of the host fluid can create a permanent circulation [like that sketched in Figs. 9 (b) and 111 of sufficient strength, the drop will begin to look like a ring, spanned by a membrane, as in Figs. 10, 11, 12 (a), and especially 6 (a). A free ring will form only if the membrane breaks. The membrane may or may not break. If it breaks, it does so either by poke-through of a smaller drop caught in the wake as in Figs. 6 and 12, or by blowout. Blowout can best be understood by the failure of blowout shown in Fig. 6 (a) . Blowout can occur only if the membrane is very weak as in miscible liquids or in low interfacial tension systems like those shown in Figs. 7 and 14.
Vortex rings are unstable; whether or not the membrane has broken, the ring will expand rapidly. The rapid extension is a universal characteristic of the instability. If a membrane remains and no drop rests in the wake to poke through, the membrane will stretch and either rupture or fold as in Fig.  6(b) .
Because of capillarity, draining, or other causes, bulges develop on the ring; these fall faster than the rest of the ring, and fluid drains rapidly to the heavy bulges, exacerbating the instability. This instability can be considered as a manifestation of the Rayleigh-Taylor instability of the heavy fluid into the light, when the heavy fluid has the shape of a vortex ring. In our experiments, the draining almost always occurs at just two points of the ring, more or less at opposite points on the ring as in Figs. 3 (f) and 12(d) , and in the figures of Refs. 7 and 8. This type of instability scenario can occur even for ringlike structures like the one shown in Fig. 6 (a) in which the membrane does not break and it leads to the folded ring shown in Fig. 6 (b) . The heavier places fall faster and the ring bends and breaks into drops.
O'Brien, I9 in reviewing her own work and that of Ref. 17 , noted that the number of bulges which develop on the ring depends on the Reynolds number and is two for Reyn- olds numbers of order one or less. Basically, we observed only two bulges even at Reynolds numbers of order 100, with some very rare exceptions. Perhaps the number of bulges on the ring is related to capillary breakup and is strongly influenced by the value of interfacial tension. We saw many bulges when soap was added to water in soybean oil (see the last entry of Table II ). This interpretation is also suggested by the closely similar instability in miscible liquids,6 in which case the lack of surface tension promotes the formation of many more nodules around the ring, the ring breaks into many drops, and those drops subsequently repeat the cycle and there is a vortex cascade.5 Surface tension can keep subsequent drops spherical if they are small enough, and thus inhibits the cascade. The effect of the wall on the drop and ring needs further study." For example, when a ring approaches a wall of the apparatus, it expands considerably before touching it. Also, experiments done with a vortex tube of smaller diameter show that the walls inhibit ring formation. Observations about the way a ring behaves (in the miscible case) at a variety of boundaries is reported in Ref. 18 .
The dynamics leading to formation of vortex rings is not well understood. Data presented in the next section show that rings form from drops started from rest when the viscosity of the drop is relatively great and the inter-facial forces do not dominate viscous forces.
A falling drop is relentlessly sheared by the host fluid, but only small portions of the host fluid come under the influence of the falling drop, and these only momentarily. If we move with the drop, we can think that we have a uniform flow around the drop as in Fig. 9 (b) , and this picture is also suggestive of why circulations develop in the drop and not in the host fluid. The flow around the ring would, in the case where the ring fluid is very viscous, resemble that of Fig.  1 (a) , where the flow is analogous to the rigid-body rotation of Fig. 1 (b) and would then be almost potential flow, with potential flow at infinity (uniform flow), and the vorticity localized to the interface region between the fluids.
VII. TWO-FLUID SYSTEMS THAT DO AND DO NOT FORM VORTEX RINGS
We used formula ( 13) to compute the velocity of a falling drop [with a = (2.39) 1'3 ] and rising bubble [with volume 5 cm3, a = ( 1.19) 1'3 ] and evaluated many of the dimensionless parameters. The parameters are listed in Tables II-IV. Parameters that are not set down explicitly in these tables can be computed readily from the listed values. Table  II tabulates the systems that were observed to form rings. The other two tables list the two-fluid pairs that were observed not to form rings.
We find that to form a ring, it is necessary that the drop fluid be much more viscous than the host 3uid. Another criterion which appears to be necessary is that the effect of interfacial tension should be smaller than viscous effects, which may be expressed as System 100 cS SiVwater 12 500 cS U/water Soy oil/water 30W motor oil/water Olive oil/water 
J/R<O(ll,
where the notation is defined in (7) and (9). The last column of Table II is comfortably in agreement with ( 14).
However, the velocity U used to compute R was computed from ( 13) and the true J/R may be an order of magnitude larger than in the table. In general, however, when one inspects the tabulated data, it becomes apparent that since all of the fluids tested have low values of J/R, the factor which distinguishes a system which will not is the value of M. For the most part, the criterion for the fluids tested seems to be that Mbe greater than 8 or so. However, there is definitely an ambiguous range (5 <M<8) within which we cannot predict whether a ring will form or not.
A very dramatic illustration of the importance of J/R and M is exhibited by data for Palmolive soap dropped in soybean oil (a ring forms; see last entry of Table II ) and water dropped in soybean oil (a ring does not form). Palmolive soap is essentially water modified with a surfactant that reduces the interfacial tension enough to move J/R down to a sufficiently small value. The viscosity of Palmolive soap is greater than that of water and this alters M such that the combination of J/R and Mproduces a vortex ring. The evolution of the ring in this soapy solution is exceptionally rapid and the torus breaks up rapidly into small bubbles, as in the case of miscible liquids.
Table III displays systems that do not form vortex rings. The data show that a modification of the fluids will switch a system that forms a vortex ring to one that does not. An example is the glycerin and soybean oil system. When 9% water is added to glycerin, the resulting diluted solution will not form a vortex ring because the viscosity ratio M has decreased and J/R has increased to the borderline level. A similar adjustment was made for golden syrup by adding water. Of course, we cannot determine in these examples which parameter is truly causing the change of the system, since in both cases Mand J/R change simultaneously. However, it is still interesting to observe the effect of altering the relevant parameters. Table IV lists systems where bubbles of the less dense liquid were released and left to rise through the more dense liquid. In each case, an oil was released into water. No vortex rings were observed. The related case of air bubbles released into water has been shown to yield rings (see Fig. 7 of Ref. 2 1) . The case of 12 500 CS silicone oil was inconclusive because the silicone oil showed an affinity for the Plexiglas box.
In Fig. 4 , we display the results of a study of drop size on the distance required for ring formation. This distance decreases monotonically with volume and seems to asymptote to some small value less than 15 in. for large volumes. This addendum contains a brief summary of recent findings regarding drop size and surfactant effects on the formation of immiscible vortex rings that were obtained after this paper was submitted for publication. A number of experiments are reported, all of which involved dropping different quantities ( l-7 ml) of 1000 CS silicone oil in soybean oil, and allowing them to fall under the influence of gravity. The results of pure silicone drops, as well as silicone drops containing the surfactant Igepal are included.
Introduction
The drops of silicone oil are released at the top of a 4 ft tall glass tube that contains soybean oil. They fall under gravity, and observations are made as they traverse the length of the tube. To control the drop sizes, we use a 1 in. diameter (60 ml) plastic syringe with the end almost completely removed. Since small amounts of silicone invariably stick to the syringe and since the modified syringe volume was measured to be 0.8 ml less than with the tip intact, we consistently pull the plunger back 1 ml beyond the desired drop size. With the plunger set, the syringe is filled with the silicone oil and the end is quickly placed into the soybean oil and the plunger is depressed. The syringe is tilted to a sharp angle and twisted to remove the clinging drop. While this method does not allow us to ascertain with a great degree of accuracy the true drop volume, it does provide for drops of very consistent volume. PIG. 16. Drop evolution for volumes of 2-3 ml.
Pure silicone oil
Small drops (roughly those < 2 ml) were generally observed to remain as indented oblate spheres for the entire length of the tube. When drop sizes were increased to 2 ml, the indentation in the drop deepened, and for many drops
The drop forms an ablate sphere An indentation be&s to form on the top of the ablate sphere, flattening it out, and folring more fluid towards the outer edge.3 of the drop.
The indent&m becomes deeper. and still more fluid is forced into the outer edgsofthedmp
The middle of the drop h now a fairly thin membrane, with a thick annulus surrounding it.
The membrane is stretched upward, and becomes very thin. Dmps of 4 ml and more exhibit Rayleigh-Taylor imtability at this point and do not proceed to phase VI.
The membrane breaks, leaving only the vortex ring. This ccdiguration is unstable, and the ring will separate into two lobes shortly after forming. (six times out of ten observations) this indentation poked all the way through until a free ring was generated. These rings would always rupture their membranes while they were on the bottom of the drop [see Figs. 15(a) and 161. Drops of approximately 3 ml also form rings, but their evolution is slightly different than that of 2 ml drops in that the spanning membrane does not always break while it is on the bottom. These drops instead expand horizontally, and the membrane bulges up through the center of the surrounding annulus of fluid [see Figs. 15 (b ) and 171. The degree to which it bulges upward is strongly dependent on drop size; the larger the drop, the more extreme the expansion. For drops with volumes of 3 ml, the membrane would occasionally rupture after this expansion. However, those drops of pure silicone oil having a volume greater than 3 ml were not observed to form rings. They underwent the same evolution as the slightly smaller drops, but exhibited Rayleigh-Taylor instability before membrane rupture (see Fig. IO ). The instability causes the drop to form two lobes, thus pinching off the center membrane. cS siIicone with 0.5% Igepal. The interfacial surface tension for the pure silicone oil in soybean oil is 2.7 dyn/cm. With 0.5% Igepal in the silicone oil, the interfacial tension is 1 dyn/cm. The addition of 0.5% Igepal CO-530 to the 1000 CS silicone oil had a rather dramatic effect on the upper bound of drop size. As mentioned above, large drops (4-7 ml) had the tendency to become unstable, form a tough membrane and pinch off before a ring could be formed. The drops which contained Igepal proceeded in the same fashion except that the membrane usually broke; sometimes before and sometimes after the onset of instability. It was sometimes observed that a membrane would rupture during pinch off. In other words, it appeared that the membrane rupture occurred when the total surface area of the membrane was decreasing. Without Igepal, 4 ml and larger drops would invariably pinch off without membrane rupture, while with Igepal, 4 and 5 ml drops would frequently (nine and seven times out of ten observations, respectively) form free rings [see Figs. 18(a) and 18(b) 1. Thus large drops with Igepal experience membrane rupture more frequently than those without, and so it would appear that the membrane strength was in some sense decreased with the addition of the Igepal.
The effect of Igepal on smaller drops sizes is not clear. For 2 ml drops, membranes broke less often with the Igepal (four out of ten with Igepal, six out of ten without). However, with 2.5 ml drops membranes broke much more frequently with Igepal (ten out of ten with, three out of ten without). At 3 ml, no effect was observed when Igepal was added (membranes broke ten times in ten trials with or without). It appears that with small drops, size is a more critical factor in determining whether a ring will form than whether or not the drop contains any Igepal.
The raw data are presented in Table V . Under each column two numbers are given; the tist is for pure 1000 CS silicone oil, the second for the same containing 0.5% Igepal. The column with the heading "# Ruptures" lists the number of times the membrane was observed to rupture, "# Pinch-off' lists the number of times the instability manifested itself before the membrane could rupture, and "Oblates" lists the number of drops that were observed to remain as indented oblate spheres for the entire length of the tube.
The number of trials is quite small (ten and less) at each drop size, and it could certainly be said that more observations should be made. However, for the most part we found that given the drop size, we could predict quite accurately whether a ring would form,
